plastically transformed cells and may be due to a lower cell-to-cell permeability of gap junction channels, reduced and Randall J.Ruch 2 formation of junctions, or a decreased expression of connexins.
communicating tumor cells has resulted in the restoration of
Gap junctional intercellular communication (GJIC) is
successful GJIC (9) (10) (11) (12) (13) (14) (15) . The transfected cells exhibited slower reduced in many neoplastic cells, but few data exist for proliferation rates, more normal patterns of differentiation, and esophageal neoplasms. GJIC was examined by fluorescent were less tumorigenic than their nontransfected counterparts. dye microinjection in two nontumorigenic and two highly
In agreement with this, the inhibition of connexin expression tumorigenic rat esophageal epithelial cell lines. All lines using antisense techniques has resulted in abnormal growth of expressed high levels of dye coupling in homologous cell nontransformed cells (16, 17) .
culture. In cocultures of nontumorigenic and tumorigenic
Although these experiments correlate GJIC with the regulacells, however, only one of six cell combinations displayed tion of growth and tumorigenesis, they do not account for the significant heterologous GJIC. Northern, Western, and fact that some neoplastic cells have functional gap junctions.
immunohistochemical analyses indicated that all four
Instead, recent studies have suggested that there may be a cell lines expressed comparable levels of connexin43 decrease of heterologous GJIC between these transformed cells (Cx43), but not connexin32 or connexin26, and formed and their nontransformed counterparts (18) (19) (20) .
Cx43-containing gap junction plaques at cell-cell inter-
In the present study, GJIC and connexin expression in two faces. Immunostaining of rat esophageal frozen sections nontumorigenic and two highly tumorigenic rat esophageal demonstrated that esophageal epithelial cells expressed epithelial cell lines were investigated. In addition, connexin Cx43 in vivo. In normal epithelium, the highest expression expression in normal, preneoplastic, and neoplastic rat esowas seen in the basal cells and little suprabasal staining phageal epithelium was investigated by immunohistochemistry. was evident. In preneoplastic and neoplastic lesions of the
The results indicate that both normal and neoplastic rat esophageal epithelium which were induced by treating rats esophageal epithelial cells express Cx43 and have high levels with N-nitrosomethylbenzylamine, Cx43 staining of the of homologous GJIC but that heterologous GJIC between these basal layer was also seen but appeared to be more diffuse cells is markedly reduced. compared to normal epithelium. In addition, suprabasal Cx43 staining was apparent in dysplastic and papillomatous Materials and methods lesions. These results indicate that Cx43 is expressed in normal and neoplastic rat esophageal cells and that the cells differentiation, and proliferation (1) (2) (3) (4) . Previous studies have found many tumorigenic cell lines and primary tumors to be Cell culture deficient in GJIC or to have fewer gap junctions than normal Four rat esophageal epithelial cell lines were used for the in vitro portion of this study. Two nontumorigenic lines, RE-149 and RE-282, were developed cells (1, (5) (6) (7) (8) . This defect in GJIC may contribute to the from epithelial outgrowths and enzyme-dissociated esophagi (21) . One abnormal growth and differentiation characteristic of neotumorigenic line, RE-B2T, was developed from a squamous cell carcinoma induced by NMBA transformation in vitro of RE-B2 cells (22) . The other tumorigenic line, RE-149 DHD, was developed by in vitro transformation of *Abbreviations: Cx26, connexin26; Cx32, connexin32; Cx31.1, connexin-31.1; Cx43, connexin43; DMSO, dimethyl sulfoxide; FITC, fluorescein RE-149 by benzo[a]pyrene dihydrodiol (23) . Cells were maintained in PFMR-4 medium supplemented with 2 mM L-glutamine, 0.1 mM CaCl 2 , 5 ng/ml isothiocyanate; GJIC, gap junctional intercellular communication; NMBA, N-nitrosomethylbenzylamine; PBS, phosphate buffered saline.
EGF, 1 µM hydrocortisone, 1 µM phosphoethanolamine, 5 µg/ml insulin, 5 µg/ml gentamicin, and 2% fetal bovine serum (25) . Cells were fed fresh media every 2-3 days and passed weekly by trypsinization. Cells were Tumorigenic:Tumorigenic protein levels were performed on all cell lines as described (25) . RNA or RE-149 DHD:RE-B2T 3/40 7.5 protein from isolated rat hepatocytes and WB-F344 rat liver epithelial cells were used as positive controls.
In vitro immunohistochemistry analysis
To localize Cx43 in the rat esophageal cell lines, indirect immunofluorescence histochemistry was performed using mouse monclonal anti-Cx43 antibody (25) .
In vivo immunohistochemistry of rat esophagus
To localize connexins in normal, preneoplastic, and neoplastic rat esophagi, frozen sections from rat esophagi were immunostained using mouse monoclonal antibodies against Cx43, Cx32, or Cx26. Esophagi were obtained from male Fischer 344 rats which had been treated with dimethyl sulfoxide (DMSO; solvent vehicle control) or N-nitrosomethylbenzylamine (NMBA; 0.5 mg/kg) by s.c. injection three times a week for 5 weeks. Rats were killed 10, 15, or 20 weeks after the final dose. Esophagi were frozen in optimal cutting temperature compound and 4 µm cryostat sections were obtained and mounted on glass slides. The slides were stored at -80°C until use. One slide from each esophagus was stained with hematoxylin and eosin and the other slides were stained for Cx43, Cx32, or Cx26. The sections were warmed to room temperature and rehydrated in phosphate-buffered saline (PBS) then incubated for 1 h in blocking buffer (3% normal rabbit serum, 0.4% bovine serum albumin, 2% dry milk, and 0.3% Triton X-100 in PBS), 4 h with anti-connexin antibody (1:100 dilution in PBS), and 2 h with FITC-conjugated rabbit antimouse IgG antibody (1:100 dilution in PBS). The sections were rinsed extensively with PBS after the antibody incubations. Slides were mounted in Anti-Fade, sealed with nail polish and stored in the dark at 4°C.
Results

Homologous and heterologous GJIC levels in esophageal cell lines
Levels of GJIC between homologous and heterologous esophageal cell lines were determined by dye-coupling. All cell lines demonstrated high levels of homologous coupling wherein dye transfer occurred to nearly all cells adjacent to microinjected, dye-loaded cells (Table I) . Heterologous coupling results were strikingly different, however. Only RE-149 and its tumorigenic counterpart RE-149 DHD demonstrated significant capacity for heterologous communication (Table I) .
Analysis of connexin expression in esophageal cell lines
Northern analyses demonstrated that all cell lines expressed Cx43, but not Cx32 or Cx26 (Figure 1) . A single band was seen after hybridization with the Cx43 probe and was similar in intensity in the four esophageal lines (lanes 2-5). WB-F344 rat liver epithelial cells were used as a positive control (lane 1). The size of the Cx43 hybridization signal was~3.0 kb (A,B) , hyperplastic (C,D), dysplastic (E,F), and papillomatous rat esophagus (G,H). Esophageal lesions were induced in rats by administration of NMBA. Esophagi were removed and cryosections were prepared and stained for Cx43 using an anti-Cx43 mouse monoclonal antibody followed by FITC-conjugated rabbit anti-mouse IgG. Companion sections were also stained with hematoxylin and eosin. The sections were photographed under brightfield illumination (left panels) or epifluorescence illumination (right panels) at ϫ20 (A,B) or ϫ10 (C-H) magnification. Abbreviations: B, basal layer; D, dysplastic epithelium; H, hyperplastic epithelium; K, keratinizing layer; N, normal epithelium; P, papillomatous epithelium; S, subepidermal layers.
Staining appeared as spots of various sizes localized principally localized to the cell membrane. The number of Cx43-positive spots was greater in the nontransformed cells, however. cultured cells and that the latter migrates most rapidly on Analysis of connexin 43 expression in normal and neoplastic SDS-PAGE gels (27) . Both phosphorylated (Cx43-P1 and rat esophagus Cx43-P2) and unphosphorylated (Cx43-NP) forms of connexin 43 were present in the esophageal cell lines. The nontransConnexin expression in normal and neoplastic rat esophagi was analyzed by immunohistochemistry. Cryostat sections of formed lines, RE-149 and RE-282 (lanes 2 and 5), expressed greater amounts of Cx43-P2 than the neoplastic lines, RE-149 normal and abnormal esophageal tissue were immunostained using monoclonal antibodies against Cx43, Cx32, and Cx26. DHD and RE-B2T (lanes 3 and 4) . WB-F344 cells were again run as a positive control (lane 1) and expressed high levels of In normal esophagus obtained from DMSO vehicle-treated rats, specific staining for Cx43 was localized to the epithelial these three forms of Cx43 as previously noted (25) .
Immunostaining for Cx43 confirmed its presence in these cells and lesser amounts of staining were noted in the subepidermal layers ( Figure 4A,B) . Staining of this epithelium was cells (Figure 3) . Staining varied amongst the cell lines, however. Nontransformed RE-149 and RE-282 cells showed greater greatest in the basal layer and was nearly absent in the stratified and keratinized layers. Cx43 staining of esophagi from rats staining than the neoplastic lines, RE-149 DHD and RE-B2T. treated with the esophageal carcinogen, NMBA, was also the poor heterologous GJIC of the esophageal cells. The gap junction channel is formed by the alignment of two performed. The esophageal epithelium from these animals demonstrated areas of hyperplasia and dysplasia. Several hemichannels or connexons, one from each cell. Each connexon is comprised of six connexins. A mutation in an extracellular papillomas also arose. Hyperplastic epithelium was characterized by a slightly thickened basal layer with normal appearing domain of Cx43 or differences in the plasma membrane glycocalyx might alter the pairing of connexons between differentiation of the upper epidermal cells. The expression of Cx43 in this epithelium occurred principally in the basal layer heterologous cells. To date, however, few mutations in neoplastic cell connexins have been identified and most appear to similar to normal epithelium, but some Cx43 staining was present in the upper layers (Figure 4C,D) . Dysplastic areas be silent (33) (34) (35) . The effect of these mutations on heterologous GJIC has not been explored, however. Recent studies also were characterized by a highly thickened basal layer and abnormal differentiation within the upper layers. This epiindicate that the plasma membrane glycocalyx can profoundly affect the ability of cells to form gap junction channels thelium displayed diffuse basal layer staining and extensive staining of the suprabasal layers ( Figure 4E,F) . Papillomas (36) so that cellular differences in glycosylation could affect heterologous coupling. Studies of adhesion/recognition molewere characterized by exophytic growth, highly thickened basal layer, and abnormal differentiation. These lesions also cules, plasma membrane components, and connexon/connexin structure may provide an understanding of the mechanisms displayed diffuse Cx43 staining throughout the basal regions ( Figure 4G,H were placed in coculture, the growth of the neoplastic cells was inhibited and this was dependent upon heterologous capacity for homologous GJIC and expression of Cx43 at the mRNA and protein level. Cx43 expression was also observed GJIC. In the absence of heterologous GJIC, growth inhibition was absent. in neoplastic rat esophageal epithelium. In contrast, heterologous GJIC between nontransformed and neoplastic epithelial
Our in vivo immunohistochemistry studies demonstrated that the esophageal epithelial cells of the normal rat esophagus cells was highly reduced. Thus, normal and neoplastic rat esophageal cells form functional gap junctions and express express Cx43 and this occurs principally in the basal layer. Expression of Cx32 and Cx26 was not detected in this tissue. Cx43 in vitro and in vivo, but are incapable of extensive cross communication.
Dysplastic esophageal epithelium and esophageal papillomas, in contrast, demonstrated suprabasal expression of Cx43 and The occurrence of high level GJIC and connexin expression in neoplastic cells and the lack of heterologous communication more diffuse expression in the basal layer. These results are similar to those reported for mouse epidermis in which Cx43 between normal and neoplastic cells has been noted before in cells derived from mouse skin, rat mammary, and rat liver expression was confined principally to the basal layer in normal epidermis but also occurred in the upper layers of neoplastic (18) (19) (20) (28) (29) (30) . Such communication within neoplastic cells is unusual, however. Most neoplastic cells express reduced dyeepidermis (7, 38) . The suprabasal expression of Cx43 could be the result of reduced differentiation of the epidermal cells in coupling, fewer gap junctions, and reduced connexin expression compared to their normal counterparts (1, (5) (6) (7) (8) . Despite this, the neoplastic tissues (7, 38) . These results also demonstrate that the expression of the presence of high level GJIC within certain neoplastic cells might suggest that altered GJIC has no role in the neoplastic connexins in normal and neoplastic esophageal epithelial cells in vivo was similar to esophageal cell lines. Other studies, phenotype. This may not be the case, however, since heterologous GJIC between normal and neoplastic cells in these cell however, have not seen such correlations (39). It is also important to note that other connexins might be expressed in lines was defective. A reduction of such heterologous coupling would result in the isolation of neoplastic cells from the esophageal epithelial cells. We detected Cx43 and not Cx32 or Cx26, but other connexins might be co-expressed with junctional regulatory influences of their nontransformed neighbors (18) . Thus, the lack of heterologous communication rather
Cx43. For example, Cx31.1 is expressed in mouse epidermis (38) and might also be present in the esophageal epithelium. than the absence of GJIC or connexin expression may be especially important in neoplastic transformation within certain tissues such as the esophagus (28, 29) .
